The oxygenase component of toluene dioxygenase from Pseudomonas putida F1 is an iron-sulfur protein (ISP TOL ) consisting of ␣ (TodC1) and ␤ (TodC2) subunits. Purified TodC1 gave absorbance and electron paramagnetic resonance spectra identical to those given by purified ISP TOL . TodC1 was reduced by NADH and catalytic amounts of Reductase TOL and Ferredoxin TOL . Reduced TodC1 did not oxidize toluene, and catalysis was strictly dependent on the presence of purified TodC2.
mized by varying the temperature, medium, inducer concentration, and cell yield in order to produce maximal amounts of soluble TodC1. The best soluble preparation of TodC1 was obtained from cells grown in Luria broth (5) containing ampicillin (100 g/ml) at 30°C and induced with 200 M isopropyl-␤-D-thiogalactopyranoside for 2 h when the turbidity at 600 nm reached 0.7. Cells were harvested by centrifugation and stored at Ϫ70°C.
Purification of TodC1. JM109(pDTG626) cell extract was prepared from frozen cells (51 g [wet weight]) as described previously (15) , except that the frozen cells were suspended in buffer A (50 mM bis-Tris buffer, pH 6.8, containing 1 mM dithiothreitol and 5% glycerol). The cell extract (2.89 g of protein) was applied to a Q-Sepharose column (5 by 16 cm) (Pharmacia Biotech, Piscataway, N.J.) which had been previously equilibrated with buffer A at a flow rate of 2 ml/min. Unbound proteins were washed from the column with the same buffer at a flow rate of 4 ml/min. Bound proteins were eluted with a linear salt gradient of 0 to 600 mM KCl in buffer A at a flow rate of 2 ml/min. Fractions containing TodC1 were red-brown in color, and their absorption spectra were monitored from 300 to 700 nm. Fractions containing TodC1 were pooled and concentrated by ultrafiltration with a 30-kDa cutoff membrane filter (Amicon, Danvers, Mass.). The concentrated solution was exchanged into 5 mM potassium phosphate buffer (pH 6.8) by ultrafiltration as described above and applied to a hydroxyapatite column (1.0 by 15 cm; Bio-Rad Laboratories, Hercules, Calif.) that had been preequilibrated with 5 mM potassium phosphate buffer. Bound proteins were eluted with a 5 to 100 mM phosphate buffer (pH 6.8) gradient at a flow rate of 0.4 ml/min. Fractions containing TodC1 were concentrated, dialyzed against 50 mM 2-[N-morpholino]ethanesulfonic acid (MES) buffer (pH 6.8), and stored at Ϫ70°C. TodC1 was purified to approximately 95% homogeneity from the crude cell extract (Fig. 2, lane 3) by the two-step procedure. A 13-fold purification of the enzyme was achieved, with recovery of 56% of the activity present in the crude cell extract ( Table 1) . The increase in total activity after hydroxyapatite chromatography may be due to the removal of competing NADH oxidase activity. This aspect was not pursued further in the present study.
Reconstitution of TDO activity. When purified TodC1 was incubated for 30 min at ambient temperature with saturating amounts of purified TodC2, TodB (Ferredoxin TOL ), and TodA (Reductase TOL ), the specific activity was 2.46 U/mg of TodC1 (Table 1 ). This activity is 66% of that obtained with purified native ISP TOL when specific activity is calculated per milligram of TodC1 (20) and over five times that given by TodC1 in crude cell extracts (15) . The turnover number of reconstituted ISP TOL was 2.1 s Ϫ1 , compared to a turnover number of 3.2 s Ϫ1 obtained with native ISP TOL (20) . TDO activity was not observed when either TodC1 or TodC2 was omitted from the reconstitution assay. These results indicate that purified TodC1 and TodC2 can readily assemble in vitro to yield active ISP TOL and that both subunits are essential for TDO activity.
Properties of TodC1. The properties of purified TodC1 and ISP TOL are shown in Table 2 . The N-terminal amino acid sequence of TodC1 is identical to that predicted from its nucleotide sequence (35) . The absorption spectrum of purified TodC1 showed a broad peak at 446 nm, with a shoulder around 558 nm and a peak at 325 nm, and was identical to the spectrum obtained with oxidized ISP TOL (20) . Purified TodC2 shows no absorption in the 300 to 700-nm range (20) .
TodC1 (␣ subunit) and ISP TOL (␣␤ heterodimer) each contained approximately 2 atoms each of iron and acid-labile sulfide (Table 2 ). TodC2 (␤ subunit) does not contain detectable amounts of iron or sulfur (20) . These results are consistent with the presence of one Rieske [2Fe-2S] center in each TodC1 subunit.
The electron paramagnetic resonance (EPR) spectra of purified TodC1, native ISP TOL , and reconstituted ISP TOL were recorded at 77 K in both the oxidized and reduced states. Reduction was achieved by addition of excess sodium dithionite. The oxidized forms of TodC1, native ISP TOL , and reconstituted ISP TOL are EPR silent. The EPR spectrum of reduced TodC1 gave characteristic Rieske [2Fe-2S] signals at g x ϭ 1.76, g y ϭ 1.91, and g z ϭ 2.01 (7). Identical reduced EPR spectra were given by native ISP TOL and reconstituted ISP TOL (Table  2) .
Reconstituted and native ISP TOL behaved identically on native polyacrylamide gels (data not shown), indicating that the two preparations had the same subunit structure.
Electron transfer to purified TodC1. The reduction of TodC1 by NADH in the presence of catalytic quantities of TodA and TodB is shown in Fig. 3 . When the absorbance at 446 nm was plotted against the amount of NADH added, a linear decrease in absorbance was observed (Fig. 3, inset ). An endpoint was reached when 15 nmol of NADH was added to the solution containing 30 nmol of TodC1. These results show that TodC1 can accept electrons from reduced TodB (ferredoxin TOL ) in the absence of TodC2 and also indicate that each TodC1 subunit can accept one electron. Upon exposure to air, reduced TodC1 was rapidly reoxidized to give its original oxidized spectrum.
Discussion. It is generally accepted that the ␣ subunits of aromatic-ring-hydroxylating dioxygenases contain a Rieske [2Fe-2S] center and mononuclear iron with the latter being located at the active site of the enzyme (3). This generalization is based on rigorous biophysical studies conducted with phthalate (4, 11) and benzene (9, 21, 26) dioxygenases and the presence of the conserved motif C-X-H-X 15-17 -C-X 2 -H in the deduced amino acid sequences of all of the aromatic-ringhydroxylating dioxygenases that have been reported to date (3, 23) . These results have been confirmed by the recent report of the structure of the oxygenase component of naphthalene dioxygenase (16) . In the current study, the purified ␣ subunit (TodC1) of TDO, which contains the conserved Rieske center motif (36) , was shown to have optical and EPR spectra that are characteristic of Rieske [2Fe-2S] proteins (Table 2 ). This preparation provided the opportunity to examine the role of TodC1 in electron transport and catalysis. Figure 3 shows that TodC1 can accept electrons from reduced Ferredoxin TOL in a reaction that is not dependent on the presence of the ␤ subunit (TodC2). However, reduced TodC1, in the presence of air, was unable to oxidize toluene to cis-toluene dihydrodiol unless TodC2 was present. In a recent review, Butler a TDO activity was determined by measuring the formation of radioactive cis-toluene dihydrodiol (32) . Purified TodC1 (20) , TodB, and TodA (19) were used to assay pooled fractions from each column. Protein concentrations were determined by the method of Bradford (2) with bovine serum albumin as the standard.
b One unit of activity was defined as the amount of protein required to form 1 mol of cis-toluene dihydrodiol per min. essential for catalysis, it is not required for reduction of the Rieske [2Fe-2S] center in TodC1.
Active terminal oxygenase components from biphenyl dioxygenase (14) , naphthalene dioxygenase (30) , and benzene dioxygenase (21) have been reconstituted from separately produced ␣ and ␤ subunits in crude cell extracts with various degrees of success. Hurtubise et al. purified and characterized His-tagged ␣ and ␤ subunits of the oxygenase component from biphenyl dioxygenase (14) . However, reconstitution experiments with purified His-tagged ␣ and ␤ subunits did not yield significant activity. Thus, the present work represents the first report of the reconstitution of a highly active form of a terminal oxygenase component (ISP TOL ) from its purified ␣ and ␤ subunits.
The function of the ␤ subunit of ISP TOL remains unclear. It contains no detectable prosthetic groups and is absolutely required for activity. A study of the isofunctional ISP ␤ subunit from the toluate dioxygenase enzyme system suggested that it may play a role in substrate specificity (12) . Work by Furukawa and coworkers with biphenyl and toluene dioxygenases has suggested that the ␤ subunit may contribute to substrate specificity (8, 13) , but accumulating evidence obtained with a variety of dioxygenase systems indicates that the ␣ subunit is the major contributor to substrate specificity (6, 17, 22, 24, 31) . All ␣ subunits from aromatic ring-hydroxylating dioxygenases contain a conserved aspartate residue at position 205 (naphthalene dioxygenase numbering [16] ). This amino acid may play a major role in the transfer of electrons from a Rieske [2Fe-2S] center in one ␣ subunit to mononuclear iron near the active site in an adjacent ␣ subunit. If this is the case, the ␤ subunit may function mainly in a structural capacity to maintain contact between adjacent ␣ subunits.
In conclusion, we report for the first time the purification and properties of the ␣ subunit of ISP TOL , the detection of electron transport between purified TodC1 and Ferredoxin TOL , the reconstitution of ISP TOL activity from the purified TodC1 and TodC2 subunits, and the absolute requirement of TodC2 for catalysis. These studies are an essential prerequisite for future investigations of subunit interactions and their role in substrate specificity, electron transfer, and oxygen activation.
